Angular dependences of ESR line parameters (g-factor and linewidth ∆H) were experimentally explored in the antiferroquadrupolar phase of heavy fermion system CeB6 at T = 1.8 K. The data were obtained in two experimental geometries with different mutual directions of the wavevector k and the external magnetic field H at frequency of f = 60 GHz. A g-factor anisotropy was found: while g-factors for [110] and [111] directions are close to each other (g ≈ 1.6), it is considerably higher (g ≈ 1.75) for [100]. The obtained angular dependence g(Θ) was compared with the theoretically predicted g-factor behavior for the Γ8 state of Ce 3+ ion in antiferroquadrupolar phase of CeB6. It turns out that the experimental g-factor is considerably smaller at all angles than the theoretically calculated limits (2 < g < 2.2) and, moreover, it has a different symmetry. This result together with the strong linewidth anisotropy ∆H(Θ) demonstrates that for the relevant description of experimental data the theoretical model should take into account also the interaction of Ce 3+ ion with itinerant 5d electrons.
Introduction
Electron spin resonance (ESR) in heavy fermion compound CeB 6 [1] [2] [3] is a puzzling phenomenon forming new aspects in the investigation of the exotic low temperature state of this system. Strong exchange interaction of local moments with conduction electrons prevents the observation of the resonance behavior of Ce 3+ ions in metals and only few systems exhibiting ESR have been reported so far ( [4] and references therein). The peculiar place of CeB 6 in this series is related with the ESR behavior at the onset of antiferroquadrupolar (AFQ) order in it. The AFQ phase at zero magnetic field develops below T Q = 3.2 K. Further temperature decrease transfers this compound into AFM phase below T N = 2.4 K. Magnetic field application stabilizes the AFQ phase causing an increase of T Q as well as a suppression of AFM order below T N . The experimental observation of ESR in CeB 6 [1] [2] [3] induced a novel theoretical approach describing ESR in the AFQ phase [5, 6] . It is based on the consideration of Γ 8 state of Ce 3+ ions forming two orbitally ordered sublattices. This model explains the observation of a single ESR line instead of four lines expected for Γ 8 state and it predicts an angular dependence of the g-factor. It is worth noting that up to now ESR in CeB 6 has been studied exclusively for magnetic field applied in [110] crystallographic direction [1] [2] [3] and that measurements of ESR anisotropy could not just examine the relevance of the theory but also clarify the magnetic state of Ce 3+ ion in CeB 6 . * corresponding author; e-mail: semeno@lt.gpi.ru
Experimental details
Single crystals of CeB 6 were grown by the floatingzone method. Details concerning samples preparation technique can be found elsewhere [7] .
For high frequency (f = 60 GHz) cavity measurements three cylindrical plates were cut with surfaces perpendicular to high symmetry directions [100], [111] and [110] . Magnetic resonance experiments were carried out with the use of homemade spectrometer based on Agilent E8361C Network Analyzer at temperature T = 1.8 K. The method based on the comparative analysis of resonator magnetoabsorption and magnetoresistive ρ(H) dependences was applied to obtain ESR curves in units of magnetic permeability [8] . 
Results and discussion
Two different experimental schemes may be applied to ESR measurements of metallic samples in solenoids. In the first experimental geometry ( Fig. 1 ) used for CeB 6 in this work, the sample surface is perpendicular to the external magnetic field H (Fig. 1a) . This standard scheme allows to obtain ESR spectra for samples cut in [100], [111] and [110] directions, and it can be used also for temperature measurements. For the purpose of detailed angular measurements of ESR parameters in metallic samples a novel experimental setup was developed (Fig. 1b) . In this case the magnetic field is parallel to the sample surface and there is an ESR-active surface area for every field direction during sample rotation. Due to the fact that only a part of the entire sample surface participates in the resonance, the ESR signal is in this case lower and reliable results on CeB 6 are available only at the lowest temperatures. In this experiment the axis of the flat cylindrical sample is parallel to [110] direction (Fig. 1b) . Thus, discrete sample rotation around [110] direction (Fig. 1b) 
• ). It is necessary to notice that the above experimental schemes correspond to different geometries of the microwave wavevector k relatively to magnetic field H: k H in the first case and k⊥H in the second (Fig. 1) . The results then differ in resonance conditions: while in k H case the microwave absorption is defined by two circularly polarized waves µ + = µ + µ α and µ − = µ − µ α , the effective magnetic permeability in the case of k⊥H is µ eff = µ − µ 2 α /µ, where µ and µ α are elements of the magnetic permeability tensor [9] . In the present study special attention was paid to correct data analysis and to the conformity of results obtained in two above experimental schemes.
The experiment in the standard scheme (Fig. 1a) [12] ) and therefore ESR is entirely settled in the AFQ phase diagram area. In this case the theoretical model [5, 6] should be applicable to the experimental data and it is reasonable to make their comparative analysis. The angular dependence obtained in the rotating resonator (Fig. 1b) is shown in Fig. 2 . It is visible that the direction [100] corresponds to the maximum of g(Θ) dependence, then g(Θ) quickly drops apart from this direction. The theoretical model [5, 6] contains an internal parameter φ which is the angle between two quadrupolar sublattices which provides different g(Θ) for every φ. However, according to [5, 6] it is possible to localize the area of g(Θ). It is restricted by limit dependences g(Θ) (for φ = 0) and g(Θ) (for φ = π/2) shown in Fig. 2 . Angular dependence of ESR g-factor g(Θ) in CeB6 at T = 1.8 K (circles). Lines show calculated g(Θ) dependences for the Γ8 state of Ce 3+ ion in AFQ phase at different angles φ between sublattices. Fig. 2 . All other g(Θ) curves are located in the area between these limit cases. The experiment unambiguously demonstrates that the theoretical model which takes into account exclusively crystal field effects in the AFQ state fails to describe the experimental data. First, experimental g-factors (1.6 < g < 1.75) are considerably lower than the theoretically calculated ones (2 < g < 2.2) for all other angle parameters Θ and φ. Moreover, the g(Θ) dependences have qualitatively different symmetry than the theoretically predicted. In order to reveal additional physical mechanisms which are able to affect the ESR behavior one can analyze the ESR linewidth angular dependence ∆H(Θ) (Fig. 3) . It is well correlated with g(Θ) exhibiting a maximum value at ∆H ≈ 3 kOe in [100] which is much higher than the average value ∆H ≈ 1.6 kOe in other directions. This fact may indicate a strong spin relaxation in this direction caused by the interaction with itinerant d electrons. To check this assumption one can compare the linewidth behavior with transport angular properties. Indeed, the analysis shows good correlation between ∆H(Θ) and the magnetoresistivity angular dependence ∆ρ/ρ(Θ) measured at the resonance field H ≈ 26 kOe (Fig. 3) .
This result confirms the above statement of the role of 4f -5d interaction in ESR behavior which results, first, into a strong relaxation of Ce 3+ magnetic moments and, second, into an additional contribution to the itinerant electrons scattering taking place in [100] direction. It is also important to emphasize the considerable anisotropy of spin relaxation which restricts the application of standard isotropic models usually applied for interactions like the Korringa mechanism [13] . Thus, the current study shows the necessity of novel theoretical approaches to this problem.
Conclusions
A comparative analysis of the angular dependence of ESR g-factor g(Θ) with theoretical calculations made for the Γ 8 state of Ce 3+ ion in AFQ phase of CeB 6 has demonstrated the failure of predictions both in the gfactor magnitude and its symmetry. The correlation between ESR linewidth and magnetoresistivity angular dependences allows to suggest the important role of 4f -5d interactions in the formation of the low temperature magnetic state of Ce 3+ ions in CeB 6 .
